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Direct Observations of Excess
Solar Absorption by Clouds

Peter Pilewskie* and Francisco P. J. Valero

Aircraft measurements of solar flux in the cloudy tropical atmosphere reveal that solar
absorption by clouds is anomalously large when compared to theoretical estimates.
The ratio of cloud forcing at an altitude of 20 kilometers to that at the surface is 1.58
rather than 1.0, as predicted by models. These results were derived from a cloud
radiation experiment in which identical instrumentation was deployed on coordinated
stacked aircraft. These findings indicate a significant difference between measure-
ments and theory and imply that the interaction between clouds and solar radiation is

poorly understood.

Evidence from several experimental and
theoretical investigarions over the pust four

decades has shown that the magnitude of

shortwave (solar) absorption by clouds is
uncertain. There has been some hint that
solar absorption is in excess of that predict-
ed by models (1), Cess et al. {2) and Ra-
manarhan et al. (3) reported that the ab-
sorption by the entire atmospheric column
in the presence of clouds exceeds moded
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predictions of absorption by perhaps 35 W
m - over the Pacific warm pool (3). The
relative error this ditference introduces into
current theoretical estimates of solar al-
sorption isx large, considering that average
clear-sky absorption in that region is about
100 W m . The absolute error appears to
be small when compared to other terms in
the energy budger, but that is misleading.
Most of the solar radiation absorbed in the
tropics goes toward heating the surface; the
remainder, about 20%, helps drive the at-
mospheric circulation. Thus, what appear
to be small errors in absorption by the at-
mosphere might have huge consequences in
tropical atmospheric  dynamics. Another
consequence of our inahility to predicer the
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magnitude of solar absorption by clouds is
the misinterpretation of remote  sensing
data used to infer cloud microphysical prop-
erties. In this report, we present measure-
ments of cloud absorption tfrom the Tropi-
cal Ocean Global - Atmosphere: Coupled
Ocean Atmosphere Response Experiment
(TOGA-COARE) and the Central Equato-
rial Pacitic Experiment (CEPEX), based on
direct observations from aircraft. For con-
sistency, we present our analysis in o man-
ner similar to that used in (2, 3).

In TOGA-COARE and CEPEX, 20 co-
ordinated flichts were made with identical
instrumentation above (at an altitude of
<220 km) and bencath (8 to 12 km) cloud
fayers ro determine cloud energetics (thar
is, flux divergence, absorption, heating,
and so on). From TOGA-COARE, 33
hours of usetul solar radiation data were
acquired during  well-coordinated  tlight
segments (aircraft within 0.5°). CEPEX
provided  an  additional 18
well-coordinated solar flux measurements.
During hoth TOGA-COARE and CEPEX,
the National Acronautics and Space Ad-
ministration (NASA) ER-2 aircraft flew
at nearly constant altitude near the tropo-
pause, approximately 20 km; in TOGA-
COARE the NASA DC-8 flew at mid-
troposphere altitude, between 8 and 12
km, and in CEPEX, the mid-troposphere
aircraft was the Acromer Learjet. Each
aircraft was instrumented with two den-
tical broadband (0.3 0 4.0 pm) solar
hemispheric  field-of-view
{BBHFOV)  for
ment of upwelling and downwelling flux
at hoth flight levels. Toral direct-ditfuse
radiomerers (TDDR) on cach aircraft were
used to measure spccrl';ll components of
the solar flux (4, 5).

It one is to Jetermine the absorption in

hours  of

radiometers

\'ilﬂllh’kl”k‘ﬂll& meastre-

a layer, net solar flux must he acquired
simultancously, or nearly so, ar hoth flight
altitudes (Fig. 1), Using the flight naviga-
tional data from the DC-8 {or Learjet, for
CEPEX) and ER-2 aircraft, we shifred time
series of flux data to best align the dara sets.
Typical rime offsets between ER-2 and
DC-R (Learjet) data were less than 3 min,
and in most cases the offser was neghgible.
Therein lies the advance in the TOGA-
COARE and CEPEX data sets over the data
obtained carlier. Most of the carlier exper-
imental attempts at determining cloud ab-
sorption relicd on a single aireraft making
measuretnents ar several flight altitudes.
The reduction to cloud absorption then
relicd on knowledge of clond advection,
homogeneity, evolution, and so forth. Be-
cause flux divergence is obtained trom rhe
residual of two relatively Large numbers, the
net fluxes, coeval measurements are crucial
to limiting crrors. Some limited attempts
have heen made ar tlying stacked airerate



(6), bur identical instruments with identical
calibration were not used.

We reduced our dara in a manner similar
to that described in (2, 3) to examine col-
umn absorption in the presence of clowds.
An important distincrion berween our mea-
surements and those of (2) is thar our net
tflux below cloud Layers is berween 8 1o 12
km above the surface rather than at the
surface. We adopted two methods for de-
ducing rhe etfect of absorption by clouds (2,
3): determination of (i) the ratio of cloud
forcing above the cloud o cloud forcing

heneath the cloud fayer and (i) the slope of

cloud reflectance versus transmission.
Cloud forcing is detined as the ditference
berween cloudy and clear-sky net flux.
Cloud forcing bencath the cloud layer, €,
is cquivalent to the difference between ab-
sorption by the surface and the lower atmo-
sphere under the clouds on the one hand
and the absorption by the surface and the
lower atmosphere under a clear column on
the other. Cloud forcing above the cloud
layer (in our case, at the tropical tropo-
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Fig. 1. Net solar flux measured at 20 km from the
NASA ER-2 {solid curve} and at 10 km from the
NASA DC-8 (dashed curve) over the tropical west-
ern Pacific during the TOGA-COARE flight on 31
January 1993,
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Fig. 2. Three-minute averages of cloud absorp-
tion determined by the difference between net flux
at 20 km and at 10 km, from TOGA-COARE and
CEPEX. The solid line indicates our estimate of
clear-sky absorption.

pause), G, s the difference between ab-
sorption by the cloudy total-column atmo-
sphere and surface versus that by the clear
rotal-column atmosphere and surface. If the
cloud forcing of the atmosphere column
above the under-cloud Tevel is denoted by
C,, then

Cr=Ct G (1
and
CofCy = Cle, + L)
The quantity € is given by
Cy = Alcloud) — A(clear) (3)

where A is the absorption by the column.
The ratio of Cy to Cp s unity when
Alcloud) is equal to Aclear); model pre-
dictions place this ratio around unity, and
rarcly does it exceed 1.2 (3, 7), indicating a
negligible  difference in - absorprion he-
tween the clear and cloudy atmosphere.
An important conclusion presented in (2,
3) is that the ratio might he substantially
higher, implying thar a significant discrep-
ancy  exists  between  maodel-predicred
cloud (or more precisely, cloudy column)
absorprion and cloud absorption derived
from measurements.

The most critical element needed to es-
timate cloud forcing is the clear-sky net tlux
because it cannor he determined concur-
rently with a cloudy-sky net flux measure-
ment. Rather than use  satellite-derived
gquantities, we determined clear-sky net flux
from direct measurements fas in (2)]. We
constructed a scatter diagram of all net flux
(F,.,) data versus the cosine of the solar
zenith angle, 7. By definition, the maximum
values of F_, for a particular value of solar
angle oceur under clear conditions. Howev-
er, under broken cloudy skies, downwelling
solar flux can exceed the same flux under
clear conditions if scattering from the sides
of clouds becomes significant. Wich that in
mind, we performed a linear regression anal-
ysis of the upper envelope of points to de-
rermine the relation between F (clear) and
cos{?). The geographical region covered
during TOGA-COARE and CEPEX was ¢x-
tensive, between 10°E to 180°E and 15°S
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Fig. 3 (left). Averages in 300 : :
0.1-wide cosine bins of the '
absorption data shown in

to 0°S. However, the entire region is over
the ocean surface and s part of the quasi-
homogeneous warm-pool region, where sca-
surface temperatures are beeween 300 and
303 K. The variahility in humidity profiles
above 10 km would not signiticantly affect
clear-sky net flux over the region. We esti-
mate the uncertainty of our clear-sky net
flux tohe +5 W m

Comparison of the clear-sky absorption
berween the two tlight levels, approximately
10 10 20 km (solid line in Fig. 2), and 3-min
averages of all column (cloudy and clear)
absorption obtained from the difterence of
F ... measurements shows that, on average,
cloud absorption far exceeds clear-sky ab-
sorption in the same layer. The average of
the absorption was 165 W m % maximam
absorption approaches 30% of the solar con-
stant. A few of the cloud absorption points
actually fall under the clear-sky absorption
values, possibly the result of side-scattering
from clouds producing an anomalously high
value of DC-8 (Learjet) F .

The dependence of absorption on 7 s
difficult to decipher from the 3-min aver-
aged dara (Fig. 2). To examine this depen-
dence, we computed the average cloud ab-
sorption in Q.1-wide cos(z) hins. Those val-
ues (Fig. 3) show a noticeable trend toward
increasing absorption with increasing co-
sine, at a rate steeper than that for clear-sky
alhsorption.

The predicted maodel estimate of C/C
unity, is not attained unless clear-sky and
cloudy-sky absorption are identical. Our
data (Figs. 2 and 3) show substantial difter-
ences between clear- and  cloudy-sky ab-
sorption. However, the model estimates are
hased on surface cloud forcing, whereas we
determined cloud forcing beneath clouds
but at 10 km. Cosine-averaged values of
(CfiC,, shown in Fig. 4, were compured
in a manner similar to the cosine-averaged
absorption in Fig. 3. The average over all
angles is 1.68. Using calculations of solar
transmission in the lowest 10-km layer (8),
we estimate that this is equivalent to a ratio
Courtace)/C - of 1.5, Our tindings are thus
consistent with those reported in (2, 3).

A more direet comparison with (2, 3) can
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Fig. 2. The solid line indi- &

cates our estimate of £ 2000 : .

clear-sky absorption. Error %’ } ' S ;
bars denote the standard 8 S ‘ [
deviation of the sample. g' ‘ el | \

a measure of the range 4100 | ‘ 1

of variability in observed <

cloud absorption. Fig. '
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be made only by inferring the surface tlux ar
the hase of the column beneath the aireraft
flight rrack. Using an estimate of the average
clear-sky column absorption from (3) and
making the plausible assumption that our
estimate of average cloudy column absorp-
tion is somewhat independent of roral col-
umn depth (9), we can make such an infer-
ence. Because of Egs. 1 and 3,

Cy = Cp = A(cloud) + A(clear)  (4)

Our estimates of A(cloud) and C are 165
W m ©and ~113 W m ° respectively.
Adopting the estimate of A(clear) over the
tropical warm pool from (3), 100 W m -,
we arrive at (Co /Gy = 158 We conclude
that our estimates of cloud absorption are in
considerable variance with model predic-
tions (Fig. 5).

A turther consequence of using flight
data versus surface dara is the variability in
planctary albedo along a tlight track. All
of the TOGA-COARE flights were over
the sea surtace, and so variability in the
reflectance at the altitude of the DC-8 was
a direct measure of variability in cloud
optical thickness and cloud cover beneath
the aircraft. We theretore used our mea-
surement of albedo from the DC-8 to dis-
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Fig. 5. Summary of estimates of C..7.C;; deter-
mined by this study, (2, 3}, and model calculations.

Fig. 6 (left). The ER-2 albe- 1.0y .

do or reflectance, R, as a

function of DC-8 transmis- 08

sion, 7. The solid line indi-

cates the linear regression 06

fit. The slope is -0.48. ’

Fig. 7 (right). Same as Fig. & .
6, except that two more re- 0.4 Rt e
gression curves are plotted, .
derived from data that were 0.2 :
filtered to remove values

arising when the standard 0.0 . .
deviation of the ER-2 net flux 00 o 0.4

exceeded 10 and 5%. The

T

criminate between clear and cloudy con-
ditions beneath the cloud deck, adopting a

threshold of 0.15. Although the albedo of

the sea surtace is considerably less, around
Q.06 tor overhead sun, completely clear
conditions almost never occurred in that
region of the tropics, particularly in the
boundary layer, where scattered cumulus
clouds were prevalent.

Several of the surtace sites used by Coess et
al. {2) had available only flux radiometers
that viewed the zenith; thus, measurements
of surtace net flux were not possible. FHow-
ever, they were able to determine the rela-
tion between satellite-derived albedo at rhe
top of the atmosphere (TOA) and the ratio
of insolation at the surface to insolation at
the TOA—that is, reflectance versus trans-
mission. (In our case, below-cloud transmis-
sion was measured not at the surface but w a
flight ultitude of 10 km.) The slope of the tit
of their data is ~—0.6, whercas model pre-
dictions are closer to —0.8. The lower mag-
nitude stope for the measured dara indicates
that solar absorption in the column was
greater than typically derived in models.

For comparison, we examined the rela-
rion berween cloud reflectance, measured at
the tropopause from the ER-2, and cloud
transmission, measured beneath cloud Tay-
ers from the DC-8 (Learjet), flying berween
8 and 12 km, using the 3-min averavad
integrated solar flux data. Filtering of se-
lecred dara (Fig. 6) was done on the hasis of
albedo measured from the DC-8 and a
threshold of 0.15. For the 200 cases saristy-
ing that condition, the resulting slope of the
regression line (Fig. 6) is —0.48. The vari-
ability of albedo measured from the DC-8
albedo makes our analysis slightly different
from that shown in (2), where stationary
ground sites with fixed albedo were consid-
ered. The rendency toward higher surface
albedo would increase the TOA albedo in
the set of points arising from  minimal
cloudy conditions (to the right in Fig. 0).
The consequence of measuring the rrans-
mission from the DC-8 (as opposed to mea-
suring transmission at the surface) has a
similar effect. Transmission at 10 km ex-

100
: All da(t’a;
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slopes of the new curves are  0.54 and  0.61, respectively.
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ceeds that measured at the surface, and this
would also tend ro decrease the slope.
Although the slope of our regression fir
is less than thar found by Cess et al. (2), 1
is consistent with their general resules. Cal-
culations of the atmospheric transmission
berween the surface and 10 km (8) show
that the ground-based slope of —0.6 would
tall to approximately —0.5 if surface trans-
mission were replaced by transmission at 10
km. On the basis of these results as well as
our estimate of the ratio of cloud forcing
heneath clouds ro that at the tropopause, it
is evident that our findings are completely
consistent with those of (2, 3) and that

ical estimates.

Several facrors that might contribure to
the discrepancies between measured and
calculated absorption by clouds have been
postulated (1), One is cloud inhomogeneity
(models are typically run for planc-paralle]
homogencous cloud layers). Filtering of our
Jdata allowed us to examine cloud morphol-
ogy and inhomogeneity. We averaged our
tlux measurements over 3-min periods to
higher  frequency  features  that
might otherwise lead ro ditficulties ininter-
preting data sets from the two aireratt plat-
torms. The spatial resolution of the ER-2
and DC-8 data are not idenrical, owing ro
differences in the ranges of clouds from
hoth aircraft, thus necessitating the use of
time-averaged dara, One measure of cloud
homogeneity along the flight track is the
standard deviation of the upwelling tlux at
ER-2 altitude (20 k) over the 3-min pe-
riod. We segregated the dara shown in Fig.
6 by filtering at 10 and 3% standard devi-
ation in the upwelling flux ar 20 km (Fig.
7). The slopes of the new regression lines
are —0.54 and —0.61 for the 10 and 5%
standard deviation thresholds, respectively.
Undoubtedly, the ceffect of filtering is to
reduce the cluster of lower albedo cases and
to increase the slope of our fit. Whether
this can he construed as indicaring an in-
crease in absorption with inhomogencity
remains uncertain, The statistical signifi-
cance of the filtered data set is questionable
hecause only 25% of all cases met the 5%
standard deviation criterion,

If cloud morphology is the key to en-
hanced cloud absorption, do hroken and
variable clouds really increase column ab-
sorption (hy changing photon path lengths)
or is the effect only apparent and a measure
of the inadequacy of current models 1o pre-

smooth

dict the scatrering and absorption of real
clouds? Ocher issues also remain unresolved.
Do clouds absorb anomalously, or does
there exist a different anomalous absorher,
such as a carbon-bused acrosol? Spectral
data from the TOGA-COARE experiment
suggest that this is not the case and that the
sipnificant absorption and scattering fea-



tures in the tropical atmosphere are water-
like. Further examination of this point must
rely on more spectral measurements, partic-
ularly in the near-infrared, where liquid
water absorption and ice absorption become
important.
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